GATA transcription factors are DNA-binding proteins that recognize the core consensus sequence, WGATAR. Previous studies indicated that GATA factors play an important role in the development of tissue-specific functions in vertebrates. Here we report the identification of a new Drosophila melanogaster GATA factor, dGATAc, which displays a distinct expression pattern in embryos. The local concentration of dGATAc transcripts varies at different stages, being most prominent in the procephalic region at stages 6 -10 and in the posterior spiracles, the gut, and the central nervous system at stages 11-13. On the basis of its predicted sequence, DNA-binding assays were performed to confirm that the dGATAc gene encodes a zinc finger protein that can bind the GATA consensus motif with predicted specificity. Two independent mutants carrying a P-element insertion at the dGATAc gene promoter region were identified that are homozygous lethal at the embryonic stage. Using a genetic scheme, it was demonstrated that the lack of dGATAc function can block normal embryonic development. Our results suggest that the dGATAc protein is a tissue-specific transcription factor that is vital to the development of multiple organ systems in D. melanogaster.
The GATA-1 transcription factor was originally identified as a DNA-binding protein that recognizes regulatory elements in the promoter and enhancer regions of several erythroid-expressed genes (1) (2) (3) (4) (5) . Using cloned mouse GATA-1 (4) as a probe, Yamamoto et al. (6) isolated from a chicken cDNA library three different GATA factor genes that encode amino acid sequences homologous to the mouse GATA-1 DNA binding domain. Although these genes were shown to express specifically among different tissues, their protein products apparently share similar DNA binding specificities (6) . Subsequently, complementary DNA clones corresponding to these three major GATA factors were identified for humans (7) (8) (9) (10) (11) (12) (13) (14) , mice (12) , and Xenopus laevis (15) . At the 1990 Globin Switching Conference (Airlie House, Virginia), different members of the GATA gene family were named GATA-1, GATA-2, and GATA-3, and a prefix was given to denote their specific origin (16) . Recently, a new member, GATA-4, was added to the vertebrate GATA gene family (17, 18) .
Except for the mouse GATA-1 (mGATA-1) and GATA-2 (mGATA-2), shown clearly to play critical roles in controlling erythroid differentiation in the hematopoietic system (for review, see Ref. 19 ), the exact function of other mammalian GATA factors remains largely unknown. From the fact that only certain tissues express mRNA for the individual GATA factor genes, and because tissue-specific functions are regulated by selective GATA factors, it is generally accepted that GATA proteins, as transcriptional factors, are crucial for both the initial decision and subsequent development of lineagespecific functions. As shown by gene-targeting experiments with the mGATA-1 and mGATA-2 genes (20, 21) , disruption of their normal function leads to the failure of blood cell development.
The GATA finger domain is not limited to vertebrates; transcription factors bearing similar amino acid sequences were reported for Aspergillus nidulans (22) , Neurospora crassa (23) , Saccharomyces cerevisiae (24) , and Caenorhabditis elegans (25) . In these species, proteins were identified that are highly conserved in the so-called "finger domain," which contains a characteristic amino acid sequence: Cys-X-Asn-Cys-X 17 -CysAsn-Ala-Cys. Recently, three groups (26 -28) have reported the isolation of genomic and cDNA clones encoding the GATA factors in Drosophila melanogaster.
To extend the search for evolutionarily related GATA factors to invertebrates, and to study the function of these factors in a model organism, we set out to isolate homologous sequences encoding Drosophila GATA factors. Initially, we took advantage of the conserved nature of the GATA zinc finger domain and used the GATA finger sequence as a probe to isolate two different Drosophila GATA genes (originally named dGATA-I and dGATA-II). Subsequently, using cloned dGATA cDNA fragment as a probe, we analyzed the RNA distribution in the developing embryos. One of the isolated genes, dGATA-I, is identical to the previously reported dGATAa/pannier (27, 28) . On the other hand, dGATA-II is unique and was found to be expressed specifically in the head region, the gut, the posterior spiracles, and the central nervous system. Following the nomenclature used by previous works (26, 27) for the Drosophila GATA factors, hereafter, our dGATA-II should be named GATAc.
Based on sequence comparison of the Drosophila GATA factors, the analysis of the dGATAc gene expression, and the genetic studies of the dGATAc mutants, we conclude that 1) GATA factor genes are also present in multiple forms in invertebrate animals; 2) the expression of the dGATAc gene is limited to defined tissues, although it can participate in the development of multiple organ systems; and 3) the function of dGATAc protein is essential to the development of Drosophila embryos.
MATERIALS AND METHODS
Isolation of cDNA and Genomic Clones for Drosophila GATA Factors-To isolate GATA factor genes from D. melagonaster, we designed degenerate primers for polymerase chain reaction (29) corresponding to the invariant amino acid sequences, ECVNC and LGCANC, of the GATA finger region. The upper strand primer is 5Ј-GATCAAGCTT-GA(A/G)TG(C/T)GTNAA(C/T)TG(C/T)GG-3Ј, and the lower strand primer is 5Ј-GATCTCTAGA(A/G)NCC(A/G)CANGC(G/A)TT(G/A)CA-3Ј. 50 ng of Drosophila genomic DNA were used in a reaction containing 50 mM KCl, 10 mM Tris-HCL, pH 8.4, 1.5 mM MgCl 2 , 50 M dNTP, 0.5 g of each primer, and 2.5 units of Taq DNA polymerase (Amplitaq, Cetus). After initial denaturation at 94°C for 5 min followed by 30 cycles of denaturation (94°C for 30 s), annealing (50°C for 30 s), and extension (72°C for 1 min) and a final extension at 72°C for 10 min, the amplified product was purified, digested with HindIII plus XbaI, and subcloned into the pUC18 vector for sequence confirmation.
A 102-bp 1 genomic sequence from the positive clone was labeled by radioactive PCR to screen cDNA libraries made from either Drosophila embryos or I and II stage instar larvae (30) . In summary, 2 ϫ 10 6 clones were screened at a density of 40,000 plaques/150-mm Petri dish. Hybridization was carried out with 5 ϫ SSPE, 5 ϫ Denhardt's solution, 0.1% SDS, 100 g/ml heat-denatured salmon sperm DNA, and 1 ϫ 10 6 cpm/ml probes at 65°C for 16 h. Stringent washing was done with 0.1 ϫ SSC and 0.1% SDS at 65°C for 2 h. Autoradiography was carried out using Kodak XAR film with one intensifying screen for 16 h.
Screening for Drosophila GATA genes was carried out with cosmid libraries using a reference system developed by Hoheisel et al. (31) . A Drosophila genomic library constructed in the bacteriophage lambda Charon 4A vector (32) was also used. The same conditions for hybridization, washing, and autoradiography were carried out as described above for screening cDNA libraries.
DNA Sequencing Strategy-A combination of subcloning and primer directed sequencing was used to determine the DNA sequence in both strands. Plasmid template DNA was prepared according to the method of Chen and Seeburg (33) for a sequencing reaction using the dideoxy chain termination method (34) with a Sequenase (35) kit (U. S. Biochemical Corp.). DNA sequence editing was carried out with the MicroGenie computer program (Beckman, Palo Alto, CA) (36) , and the comparison of compiled DNA sequences was accomplished using the computer programs of the GCG sequence analysis software package (Genetic Computer Group, Madison, WI) (37) .
Detection of RNA Transcripts in Whole Mount Embryos-Drosophila embryos were collected between 0 and 24 h of development. In situ hybridization with nonradioactive probes was performed according to the method of Tautz and Pfeiffle (38) . The 2.9-kb EcoRI fragment from dGATAc clone 4 was subcloned into pBluescript SK vector. After linearizing with SalI or NcoI, an in vitro RNA synthesis reaction was carried out with T3 polymerase, using digoxigenin-labeled UTP as substrate. The preparation of embryos for hybridization was carried out as described previously (38) , and the development of hybridized signals was performed using the Boehringer Mannheim digoxigenin labeling and detection kit. Staging of embryos was according to Campos-Ortega and Hartenstein (39) .
In Vitro Transcription and Translation-The 2.9-kb insert of dGATAc clone 4 was subcloned into pBluescript SK. After linearizing with SpeI, 0.5 g of plasmid DNA was used for in vitro transcription (40) . In vitro translation was carried out with rabbit reticulocyte lysate (Promega, Madison, WI) and [ 35 S]methionine according to the protocol described by Kevin Struhl (41) . In vitro translated protein was analyzed on a 10% SDS-polyacrylamide gel electrophoresis gel followed by autoradiography.
Expression of Glutathione S-Transferase-GATA Chimeric Proteins in Escherichia coli-
The entire open reading frame of dGATAc cDNA sequence was amplified by the polymerase chain reaction (29) . The upper strand primer (5Ј-ATCCCGGGAATGGATATGACCTCAAC-3Ј) contains a SmaI recognition site and the AUG initiator sequence, while the lower strand primer (5Ј-CCGAATTCTCACGTGTAGTCAGTGC-3Ј) includes an EcoRI site and the terminator sequence. PCR was carried out with a thermal cycler (M-J Research, PTC 100). After initial denaturation at 94°C for 5 min, DNA was amplified through 30 cycles of denaturation (94°C for 30 s), annealing (55°C for 30 s), and extension (72°C for 1 min). Following a final extension at 72°C for 10 min, the amplified products were digested with SmaI/EcoRI and subcloned into the pGEX 2T vector (42). For the zinc finger domain, two PCR primers were synthesized to amplify the DNA sequence between nucleotide 779 and 1350. The sequences for the upper strand primer and the lower strand primer were 5Ј-GAGGATCCCCGCCAAAGGACTCCACGC-3Ј and 5Ј-GAGAATTCGACTTGGAGCTCAGCTTGC-3Ј, respectively. Since the amplified fragment contains an internal BamHI site at nucleotide 940 of the dGATAc cDNA sequence, only the 411-bp fragment was subcloned into the BamHI/EcoRI-digested pGEX2T vector. To express recombinant proteins for gel mobility shift assays, 1.8 ml of LB culture was seeded with 0.2 ml of an overnight culture and grown to the log-phase (A 600 ϭ 0.6). At that time, isopropyl-1-thio-␤-D-galactopyranoside was added to a final concentration of 0.5 mM, and the induced culture was incubated for a further 3 h before harvesting. E. coli from the induced culture (1.5 ml) was collected after microcentrifugation for 20 s, and the pellet was resuspended in 0.3 ml of 1ϫ phosphate-buffered saline buffer (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ⅐7H 2 O, 1.4 mM KH 2 PO 4 ). Lysate was prepared by sonication (3 pulses of 20 s each, 15-second rest between pulses) with a HeatSystems-Ultrasonics, Inc. model W385 sonicator (Farmingdale, NY). After clearing the lysate by microcentrifugation at 4°C for 5 min, the supernatant was saved for DNA binding assays and SDS-polyacrylamide gel electrophoresis.
Gel Mobility Shift Assay-The gel mobility shift assay was carried out as described previously (3, 4, 43) . Homologous (5Ј-CAGTCGAGTC-CATCTGATAAGACTTATCTGCTGCCCCAGA-3Ј) and heterologous (5Ј-AAGGAGGCGGCACACCCCCTCCCCTGCACTGCCCCACCCACT-GGGGCACC-3Ј) oligonucleotides from the mouse GATA-1 promoter sequence (43) were used as competitors to test DNA binding specificity.
Polytene Chromosome Mapping-Polytene chromosomes were prepared from the squash of larval salivary glands of D. melanogaster (Canton-S strain) according to a standard procedure (44) . A nonradioactive probe was labeled with biotinylated UTP by the random primed method (45) . The 5Ј EcoRI/BamHI fragment from dGATAc clone 4 was used to avoid the conserved finger domain. After washing with 2ϫ SSC at 53°C (3 times, 20 min each), the hybridizing DNA was detected by the chromogenic substrate.
Southern Analysis of P1 Clones-Six different P1 clones (46) mapping to the section 84 polytene chromosome region were obtained from T. Yamazaki (Kyushu University, Fukuoka, Japan). These clones have, on average, an insert of 85 kb. DNA was prepared by the alkaline lysis method (47) and subjected to restriction with EcoRI, SacI, or EcoRI plus SacI. Digested DNA was transferred by alkaline solution (0.4 M NaOH) onto the Hybond N ϩ filter in triplicate lanes. Three different probes corresponding to the 5Ј (a 3-kb SacI to EcoRI fragment from the cosmid clone, c78A9), the finger region (a 0.4-kb BamHI/EcoRI fragment from cDNA clone 13.3), and the 3Ј end of the dGATAc gene (a 5.3-kb EcoRI fragment from the cosmid clone, c41A3) were used for each filter strip. Hybridization and stringent washing (0.1ϫ SSC, 0.1% SDS at 65°C for 15 min) were carried out according to the manufacturer's instructions. Autoradiography was performed with Kodak XAR film with one intensifying screen for 4 h.
Analysis of the P-element Insertion Strains-Six different P-element insertion lines that are mapped to the 84F region (P971, P227, P609, P614, P812, and 2352) were obtained from the Bloomington Stock Center (University of California, Berkeley, CA). Another line, l(3)5930 (48), was kindly provided by G. Rubin. Genomic DNA was isolated by the standard method. Four restriction enzymes (EcoRI, BamHI, PstI, and SacI) were used separately to digest 10 g of each DNA sample, and the restricted DNA was blotted to a Hybond-N ϩ (Amersham Corp.) nylon filter by alkaline transfer (0.4 M NaOH). Either a 3.0-kb SacI/ EcoRI genomic fragment, or the entire dGATAc cDNA, was employed as a probe, and labeled by the random prime method (45) . Prehybridization, hybridization, and stringent washing were carried out as described above.
Two approaches were used to determine the flanking sequence of P-insertional mutants. To rescue the 5Ј-junctional sequence of l(3)5930 integration site, genomic DNA isolated from 12 adult flies was digested with XbaI, heat inactivated (65°C for 20 min), and then self ligated. After transformation into DH5␣, kanamycin-resistant colonies were isolated for DNA sequencing. PCR cloning was carried out to isolate the 3Ј end junctional fragment of P812 integration site. A white genespecific primer (5Ј-GCATATATACCCTTCTGAATGC-3Ј) and a dGATAc gene specific primer (5Ј-CCGGGAATTCCCATGGCGGTCTAGAGCA-CACTGTTTCAATCACTC-3Ј) were used in a 100-l PCR reaction containing 1ϫ PCR buffer with 1.5 mM MgCl 2 , 50 M dNTP, 0.5 g of each primer, and 2.5 units of Taq polymerase. 35 cycles of reaction were carried out in a M-J research PTC-100 machine. Annealing was at 55°C for 1 min, and extension was at 72°C for 2 min. The PCR product was gel-purified and cloned into the pGEM-T vector (Promega, Wisconsin) for sequence determination.
Genetic Analysis of the dGATAc Mutants-Two lines containing a P-element insertion at the dGATAc promoter, P812 and l(3)5930, were crossed (l(3)5930/TM6B, Tb ϫ P812/TM3, Sb) to determine whether the two dGATAc mutant alleles could complement each other. The flies that developed into adulthood were examined for the expression of the Tb marker gene and the Sb marker gene. The phenotypes of the marker genes are described in the red book (49) .
To isolate l(3)5930/l(3)5930 homozygous embryos, the original l(3)5930 line (l(3)5930/TM6B, Tb) was crossed with the CS wild-type strain (ϩ/ϩ). The heterozygous progeny with l(3)5930/ϩ genotype were collected and intercrossed. Embryos were collected for 48 h, and those that failed to develop were isolated for DNA extraction. Genotype determination was performed by Southern analysis as described above using BamHI restriction and a 3.0-kb SacI/EcoRI genomic fragment as a probe.
RESULTS AND DISCUSSION
Isolation of cDNA Clones Encoding Drosophila GATA Factors-As the zinc finger domains of different GATA factors are well conserved, we initially designed degenerate primers to amplify homologous sequences from Drosophila genome. Two types of GATA zinc finger sequences were identified and named dGATAa and dGATAc, respectively. The dGATAa sequence is identical to those reported by Winick (27) and Ramain (28) . To isolate cDNA clones corresponding to the dGATAc genomic sequence, reverse transcription PCR was carried out to determine at which stage the dGATAc gene is expressed. Primers were synthesized according to the genomic sequence (upper strand, 5Ј-CATAAGATGAACGGAATGAA-3Ј; lower strand, 5Ј-ACCGTGCAACTTGTAGTACA-3Ј) to amplify the D. melanogaster GATA finger sequence from pools of cDNA clones. A specific band of 186 bp (62 bp shorter than the genomic PCR product due to the absence of the intervening sequence) could be amplified with cDNA from embryos 0 -3, 3-12, and 12-24 h old plus I and II instar larvae, but not from later stages of development (data not shown). This result does not necessarily imply, however, that the expression of dGATAc gene is limited to these stages, as DNA prepared from a cDNA library could easily miss some of the less favorable clones, and not all the cDNA libraries are total representative of transcripts expressed at that particular stage. In fact, an RNase protection assay carried out with a radiolabeled antisense riboprobe detected the expression of dGATAc gene in later stages of D. melanogaster development. 2 We then screened Drosophila embryonic cDNA libraries (30) corresponding to 0 -3 h and 3-12 h embryonic, and I and II instar larval stages of development. Altogether, eight positive clones were isolated from the 2 ϫ 10 6 phage plaques screened. Of them, three belong to the dGATAa and were not studied further. Two clones (4 and 11) together represent 3.2 kb of dGATAc cDNA sequence. Another clone, 13.1, is related to dGATAc cDNA, but its 5Ј 519-bp sequence is not identical to the other dGATAc clones (Fig. 1A) . Further analysis of this sequence revealed that the sequence deviation is due to alternative splicing of the dGATAc transcripts. 3 Through genomic cloning, restriction mapping, and DNA sequencing, the organization of the dGATAc gene is determined (Fig. 1B) . The entire transcription unit covers approximately 36 kb of DNA sequence.
Open Reading Frame of the Drosophila GATA cDNA Sequence-The dGATAc cDNA sequence (Fig. 2) was determined by subcloning selected restriction fragments and by the extension of sequences with universal and specific primers. In the 3150-bp insert of dGATAc (including 16 nucleotides from the poly(A) tract), an open reading frame can be predicted by assigning the translation start to the ATG at nucleotide position 224 and the stop codon to position 1682. This open reading frame could encode a polypeptide of 486 amino acids with a predicted molecular mass (M r ) of 51 ϫ 10 3 . As shown in Fig. 2 , the predicted dGATAc polypeptide sequence contains two copies of the Cys-Cys type zinc finger that is unique to the GATA factor gene family. Thus, our dGATAc cDNA represents a third expressed GATA gene sequence in D. melanogaster.
As the ATG at nucleotide positions 224, 230, and 476 all have an immediate 5Ј-flanking sequence that is favorable for translation initiation in eukaryotic genes (50), we performed in vitro transcription and translation to analyze the translation potential of these open reading frames within the context of the entire cDNA. After subcloning into plasmid pBluescript SK vector, the DNA template was linearized by SpeI at nucleotide 2500, downstream from the stop codon at nucleotide 1682. In vitro transcription was carried out with T7 polymerase, and the RNA template then used for in vitro translation with [ stippled box) . B, BamHI. B, the position of dGATAc exons is shown relative to EcoRI restriction map of the gene. The position of two cosmid clones (c78A9 and c41A3) and probes used for Southern analysis are indicated. The P1 clone (DS01580) mentioned in this paper spans the entire dGATAc gene, but its two ends were not mapped. A detailed description on the isolation of genomic clones, the determination of the cap site and the exon/intron boundaries will be published elsewhere.
tion start site to the first AUG at nucleotide position 224.
DNA Binding Activity of Drosophila GATA Proteins-The hallmark for the GATA factors is the so-called GATA zinc finger domain, a 60-amino acid sequence highly conserved among different members of the GATA gene family (for review, see Ref. 51) . In vertebrates, the GATA zinc finger sequence is duplicated once, and the two finger domains are separated by 60 amino acids. In contrast, the homologous zinc finger domain of three fungal proteins (22) (23) (24) contains only one set of the zinc finger sequence. Previous studies by Martin and Orkin (52) in the mouse GATA-1 demonstrated that, of the two zinc finger domains, the carboxyl finger is necessary for DNA binding and the N-terminal finger contributes to the full specificity and stability of DNA binding. Omichinski et al. (53) recently reported that a synthetic peptide containing 59 amino acid residues of chicken GATA-1 (cGATA-1) is sufficient to form a minimal unit capable of interacting with the core DNA consensus sequence. Moreover, NMR structural analysis reveals that a 66-residue fragment from the cGATA-1 zinc finger domain can complex with a 16-bp oligonucleotide containing the GATA target sequence (51) . As dGATAa and dGATAc cDNA sequences all predict two zinc finger domains, it would be interesting to test whether Drosophila GATA proteins can bind the consensus recognition sequence, particularly that derived from a mammalian globin gene. We, therefore, analyzed the DNA binding activity of the entire dGATAc protein as well as that of the isolated finger region. As suggested by the presence of the conserved GATA finger domain, chimeric proteins containing either the 486-amino acid dGATAc protein or the dGATAc zinc finger domain (nucleotides 940-1350, Fig. 2 ) can bind ␥-globin promoter sequence (Fig. 3, B and C) and the mouse GATA-1 promoter sequence (data not shown). In both cases, the recombinant proteins specifically bind the GATA sequence. Competition with a homologous GATA sequence effectively abolished the DNA-protein complex, while an unrelated control sequence failed to do so. Similar results were obtained for the dGATAa zinc finger domain (data not shown). Thus, like other animal GATA proteins, the amino acid sequence from the conserved zinc finger region of dGATAa or dGATAc is sufficient to confer DNA binding activity. Moreover, the dGATA finger domains appeared to interact specifically with the recognition sequence derived from a species of distant relationship.
dGATAc Expression in Drosophila Embryos-Although we have shown by cloning that at least two GATA factor genes are present in D. melanogaster, and that they are transcribed during embryonic development, the exact functions of their protein products are currently unknown. The fact that the dGATAa and dGATAc genes each encode an amino acid sequence that conforms to the GATA finger consensus sequence suggests that they, too, function as transcriptional factors. Expression of these dGATA factors can be detected as early as within 0 -3 h of development. This is consistent with the finding that most GATA factors, as major determinants for tissue development, are expressed in the early embryonic stages. For example, it was shown that mGATA-1 is expressed in the blastocyst stage of mouse embryos (54) . Also, the Xenopus GATA-1 gene expression was detected around stage 11 of development (55) . To clarify the functional role of dGATAc, we used cloned dGATAc fragment as a probe to analyze the distribution of RNA transcripts at different stages of development in whole mount preparations of Drosophila embryos. Using samples collected between 0 and 24 h after fertilization, we found that the dGATAc gene is expressed in a variety of tissues.
The expression of GATAc transcripts during early Drosophila embryos is not detectable until the cellular blastoderm stage. Initially, the RNA transcripts are evenly distributed and concentrated at the basal end of the cells (Fig. 4A) . Within a short period of time, the transcripts become localized to three regions along the dorsal portion of the embryo (Fig. 4, B and C) . In the procephalic region, the dGATAc gene is abundantly expressed and the transcripts are widely distributed, properly reflecting its later role in the development of the head region. The expressed transcripts are also detectable in the posterior third (15-25% egg length) and middle third (40 -60% egg length) of the dorsal embryo. These regions give rise to the precursors of the posterior spiracles and the dorsal epidermis, respectively. In addition, a very faint signal can be seen in a small region of the ventral embryo (Fig. 4B, between two  arrows) .
As embryonic development reaches stage 11 and beyond, three organ systems clearly stain positive with the dGATAc probe. The developing posterior spiracles are most prominent, and our probe could serve as a useful marker to trace the development of this structure (Figs. 5, A, C, and E) . It is noticeable that as germ band shortening occurs, the posterior spiracles moved backward and outward toward their final position. Similarly, the strong but relatively diffuse signals of the anterior and posterior midgut primordia become discrete and approach the middle portion of the embryos (Fig. 5B) . The expression of dGATAc gene in the developing central nervous system is also seen after stage 11. Distinct signals corresponding to each segment of the embryo become evident (Figs. 5, B , D, and G) at stages 12-13. From the ventral view (Fig. 5D) , the probe-positive cells for each segment are distributed along both sides of the midline. In the head region, the brain and the developing optic lobes (detail not shown), as well as the anterior tip of the clypeolabrum, are also clearly stained.
Chromosomal Mapping of the dGATAc Gene-The expression of dGATAc in multiple embryonic tissue suggests that dGATAc protein may play an important role in the development of these organ systems and that the lack of dGATAc function could have grave consequences for Drosophila embry- onic development. To study the functions of dGATAc protein, we have taken the genetic approach and set out to map its chromosomal position by the standard cytogenetic method. Polytene chromosomes were prepared from the larva of D. melanogaster. For the probe, a dGATAc cDNA fragment that lies outside the finger region was used to avoid cross-hybridization with other homologous genes. As shown in Fig. 6A , a prominent signal was detected at 84F region of the third chromosome. For more exact mapping, several P1 genomic clones (46) corresponding to the same general region (84E-84F) were obtained, and Southern analysis was performed with dGATAc cDNA or genomic probes to identify clones containing the dGATAc gene. Of the five P1 clones, DS01580 derived from bands 84F1-2 was positive with either a probe of the dGATAc finger region (Fig. 6B) or with the 3Ј genomic probe (Fig. 6C) . However, when a 5Ј genomic probe (3.0-kb SacI-EcoRI fragment) containing the first exon was used, it detected EcoRI bands of 14 and 8.5 kb in size for the cosmid and P1 DNA, respectively (Fig. 6D) . Since the same probe also detected a 14-kb band with the total genomic DNA (data not shown), we concluded that the 5Ј genomic configuration of the cosmid clone is consistent with that of the genome of the Canton-Special strain D. melanogaster we used. We did not pursue this further and investigate the cause of the smaller size of the band detected for the P1 clone. Presumably, however, it could be due to a junctional fragment, a polymorphism, or rearrangement of the cloned sequence. To characterize the promoter region, Southern analysis was also carried out with the P1 and cosmid DNA using either SacI or SacI plus EcoRI. In each case, an identical pattern can be seen in these two samples (Fig. 6E) , suggesting that the difference of genomic structure between the two clones is 5Ј to the SacI site and that the entire transcription unit of dGATAc is included in this P1 clone. Therefore, the result of the P1 cloning not only confirmed the polytene in situ mapping data, it also localized dGATAc to subsection 84F on the third chromosome.
Disruption of dGATAc Gene Function Causes Embryonic Lethality-On the basis of its chromosomal position, we searched the Flybase for existing strains that bear P-element insertion at and around the 84F region to identify possible mutants that lack the dGATAc function. We then performed genomic Southern analysis with dGATAc cDNA and genomic probes to detect in these strains any rearrangement of the dGATAc gene structure. Of the seven lines obtained from the fly stock center and G. Rubin, we identified two that clearly showed a hybridization pattern that is suggestive of having a P-element integration at the dGATAc locus. As shown in Fig. 7A , a 5Ј end genomic probe detected a 6.0-kb BamHI band for the wild-type strain (lane 1) and all of the P-insertion strains (lanes 2-8) . Additional bands of 8.0 plus 5.0 kb and 11 plus 4.5 kb were seen for P812 (lane 2) and l (3)5930 (lane 7) , respectively. Similarly, in addition to a 5.0 kb common band, extra bands of 7.5 plus 3.5 kb and 15 plus 6.0 kb were detected by the same 5Ј genomic probe for SacIdigested samples of l(3)5930 and P812, respectively (not shown). As neither the complete cDNA probe nor a 3Ј genomic probe revealed any difference among these lines, the structural changes seen in these two strains are limited to the 5Ј end, and the P-element insertions probably localize to the dGATAc promoter region. Fortuitously, l(3)5930 contains in the P-element construct a lacZ reporter gene, which allows the detection of ␤-galactosidase expression under the influence of the dGATAc promoter. Thus, by comparing the expression patterns of the lacZ reporter gene and the endogenous dGATAc transcripts, we could obtain functional evidence that the P-element integration is related to dGATAc gene expression.
Both P812 and l(3)5930 were originally reported to be homozygous lethal. We collected embryos for 48 h after fertilization to examine their phenotypes. Nearly half of the embryos failed to hatch, and, among these, two groups of dead embryos with distinct morphologies were identified. We presumed that one group was lethal due to the balancer chromosome and the other to the effects of dGATAc gene insertion. To isolate dGATAc homozygous mutant embryos and to confirm that a developmental block can be caused by the dGATAc gene mutation, we generated a l(3)5930/ϩ line by crossing the original stock with the CS wild-type strain. This new line was then self-crossed to obtain a homogeneous pool of mutant embryos carrying two l(3)5930 alleles. We presumed, by eliminating the balancer chromosome that also gives a homozygous lethal phenotype, that we could reliably identify the embryonic lethal phenotype due to the l(3)5930 mutant chromosome. Indeed, all of the embryos that failed to develop (stopped at stage 17) are homozygous for the mutant allele. As shown in Fig. 7B , the genotype of the lethal embryos is distinctly different from that of the original stock and the CS wild-type strain. The 6-kb BamHI band that is diagnostic of the wild-type dGATAc allele is absent in the homozygous mutants (lane 3). We conclude by this study that the lethal phenotype of these mutant embryos could be attributed to P-element insertion at the dGATAc gene.
The results of Southern analysis indicated that the P-element insertions in P812 and l(3)5930 occurred at the dGATAc promoter region. To precisely map the integration site, we used PCR and plasmid rescue to clone and determine their flanking sequences. As shown in Fig. 8A , the 5Ј junctional fragment of l(3)5930 insertion was obtained through a plasmid rescue experiment. In addition, PCR cloning and sequencing using primers designed for the dGATAc promoter region and the P-element terminal repeat also confirmed the integration site from the 3Ј direction. For P812, PCR was carried out using the promoter sequence plus the white gene sequence included in the P-element construct (48) to amplify the 3Ј junctional se- quence. The results of these studies are summarized in Fig. 8B . Interestingly, the two independent P-element insertions are very close to each other, and they are only 26 and 34 bp upstream of the cap site of the dGATAc gene for l(3)5930 and P812, respectively.
To validate the assertion that the embryonic lethal phenotype is indeed linked to the lack of dGATAc protein function, we crossed P812 with l(3)5930 to determine whether the two mutations are allelic. We expected that the two mutant alleles would not complement each other and that the two insertions, if present in trans, would be lethal to the embryos. The different balancers for P812 and l(3)5930 strains provide a convenient way to identify the genotypes of the surviving offspring. All of them, in fact, carry the balancer derived from either one parental strain or both, thus indicating that none of the double mutants were viable (data not shown). We conclude, therefore, 
FIG. 8. Determination of the P-element integration site.
A, scheme for cloning the junctional fragments of l(3)5930 and P812 Pelement insertion strains. B, the integration sites for l(3)5930 and P812 are marked relative to the dGATAc transcription initiation site. A detailed description of the dGATAc gene structure and the analysis of its promoter will be reported elsewhere.
that the recessive embryonic lethal mutations on each of the mutant chromosomes belong to the same complementation group. Furthermore, the embryonic lethal phenotype seen in these strains is consistent with the finding that dGATAc transcripts are distributed in multiple yet specific organ systems in the developing embryos (Fig. 5) .
The Drosophila GATA Gene Family-So far, at least three functioning Drosophila GATA genes have been identified by molecular cloning. Table I gives a summary of these studies. dGATAa (27) (identical to pannier (28) and dGATA-I) and dGATAc contain two zinc finger domains, just as is seen in all the vertebrate GATA factor genes. In addition, dGATAb (26) is unique in that, thus far, it is the only single-finger GATA gene known to exist in an animal.
Biochemical studies (52, 53, 56) and NMR structural analysis (51) defined the basic unit of the GATA zinc finger domain that is required for binding to its DNA target sequence. The recent isolation of a single-finger GATA finger protein from D. melanogaster (26) strengthened previous findings from areA (22) , nit-2 (23), and gln3 (24) that DNA binding by the singlefinger protein requires this 60-amino-acid conserved domain. Comparison of all the available Drosophila GATA finger sequences (Fig. 9 ) reveals that 43 of the 48 (90%) amino acids are identical for the N-terminal fingers of the dGATAa/pannier and dGATAc proteins. In contrast, a slightly longer sequence is conserved for the C-terminal dGATAa and C-terminal dGATAc fingers or the single finger of dGATAb. Of the 54 aligned amino acid residues of this region, 38 (70%) are identical, and of the remainder show only conservative change. Interestingly, the four point mutations identified as pannier null mutants are restricted to the conserved residues of the N-terminal finger (28) .
Function of dGATA Factors-GATA factor genes constitute a unique family whose members encode tissue-specific transcription factors. Their functions are to regulate a group of genes that are important for determining lineage specificity (mGATA-1, for example), or modulating the differential utilization of nutrients under specific growth conditions (areA, for example). Taking as precedents the vertebrate GATA factors, we anticipate that different Drosophila GATA factors will have distinct roles and that each can regulate the development of specific organ systems. The combined use of molecular cloning and classic genetics provides us with the opportunity to uncover the functions of different GATA factors as well as to understand the mechanism of their action in the Drosophila system. Recently, Ramain et al. (28) reported the isolation of a GATA-1 finger like sequence from the pannier locus. Two types of pannier mutants were identified, and one involves the zinc finger domain, causing an over-expression of the achaete/scute genes and the development of extra neural precursors. In contrast, mutations affecting a helix at the C-terminal end of the protein generated a hyperactive repressor of the achaete/scute complex and caused a loss of neural precursors. They, therefore, concluded that the pannier protein is a repressor of the achaete/scute gene complex. Using the expression screening approach, Abel et al. (26) isolated the single-finger dGATAb gene from a 9 -12-h embryonic cDNA library. Expression of dGATAb is found in the mesoderm-derived fat body, and the encoded protein, ABF, appears to act as an activator of the larval promoter of the alcohol dehydrogenase (Adh) gene.
Finally, members of the dGATA factor gene family are expressed in unique but slightly overlapping patterns during embryonic development. Together they could play important roles in tissue-specific gene regulation. However, this begs the question: would there be any functional redundancy or cross- interaction among different dGATA factors? It is noticeable that dGATAc is expressed in several tissues that were also found to be positive in previous whole mount in situ hybridization studies using dGATAa (27) and dGATAb (26) probes. In the late cellular blastoderm and early gastrulation stages, the weak dGATAc signal in the dorsal embryo (40 -60% of the egg length) is also distributed in a pattern of stripes (Fig. 4 , B and C), similar to those reported for dGATAa and dGATAb. Interestingly, the dorsal epidermis arising from this region of the embryo is clearly positive with the dGATAc probe at stage 13 of development (data not shown). The signal is particularly strong in segments T1-T3. In addition, dGATAa and dGATAc transcripts are colocalized to the posterior spiracles (Ref. 27 and this work), and the dGATAb gene is expressed transiently in the anterior and posterior midgut primordia (26) . We excluded, with two experiments, the possibility that the apparent distribution of dGATAc transcripts in these tissues is an artifact due to cross-hybridization with other homologous dGATA sequences. Using a shorter probe that lacks the conserved finger sequence, we observed the same pattern of tissue distribution (data not shown). Moreover, we analyzed the enhancer trap line l(3)5930 and confirmed by antibody staining that the expression of the lacZ reporter gene is confined to the same multiple organ systems that express dGATAc transcripts. 4 From a biochemical point of view, different dGATA factors share similar DNA binding structures and, through the function of zinc finger domain alone, there would be limited discriminating power to determine target site specificity. Other domains of the dGATA proteins must contribute to the subtle binding site preferences and differential activity necessary for their specific regulatory functions. This could be achieved by intrinsic affinity to different target sequences or by interacting with other regulatory proteins. It remains to be seen whether different dGATA factors can regulate a common gene with different effects. Because Drosophila is convenient for genetic studies, the functional role of each dGATA factor can be definitively identified by analyzing the phenotypes of the mutants. The cloning of multiple dGATA genes, the precise mapping of their chromosomal locations, and the identification and characterization of the dGATA gene mutants should facilitate our future studies in this direction.
